Abstract -Permanent-magnet generators have been used for wind turbines for many years. Many small wind turbine manufacturers use direct-drive permanent-magnet generators. For wind turbine generators, the design philosophy must cover the following characteristics: low cost, light weight, low speed, high torque, and variable speed generation. The generator is easy to manufacture and the design can be scaled up for a larger size without major retooling.
I. INTRODUCTION
Using permanent-magnet (PM) generators for small wind turbines is very common. Usually an AC generator with many poles operates between 10-100 Hz. Because the generator is directly driven by the wind turbine [1, 3, 5] , it is commonly known as a direct drive generator. Many configurations use surface mounted three phase PM synchronous generators with a rectifier connected to the generator terminal.
Many types of generator concepts have been used and proposed to convert wind power into electricity. An axial flux generator with a different type of winding and a different magnet arrangement was developed [1,2]. A modular concept was proposed to reduce manufacturing costs [3] . The transverse flux generator has a higher power density than a traditional induction generator [4] .
In this paper, a combination of a modular, axial flux, and torroidal stator winding are applied to a permanent-magnet generator.
Although the design is intended for wind turbine applications, this PM machine can be used for many other applications.
A wind turbine generator must be light to minimize the requirements for the tower structure. Since the wind turbine operates at low rotational speed, the generator is built with many poles. We designed, built, and tested a permanentmagnet generator for wind turbines. Several unique properties are included in this design. It uses a modular concept. Each pole is constructed individually, thus the number of poles is based on the requirements. The winding is concentric, like a torus, making it easy to assemble. The rotor core has a focusing capability with a variable magnet area, so the air gap flux density can be adjusted independent of the rotor radius. A single unit module of this generator can have single or multiple phases. Additional unit modules can be stacked in the axial direction to get more power. With this modular concept, any failure in one unit can be replaced immediately or can be bypassed, thus minimizing turbine downtime.
The dimension of the generator and the size of each component should be based on the actual wind turbine for which it is to be used. Because the purpose of the prototype unit is to prove the concept, we designed and built it with readily available components. A steady state analysis was done to determine the initial electric loading and magnetic loading. The initial loss calculation was derived. The next step of the calculation was done using finite element analysis. The flux density in the critical components, and the map of the core losses were found. No-load, rated, and shori-circuit conditions can be predicted from this analysis. Any changes made were reiterated by using steady state analysis. Thus the process was repeated until the final design is ready.
In the fourth section we describe testing, and lastly, in the fifth section the conclusions are summarized.
II. COMPONENT OF THE GENERATOR
In this paper we discuss only one unit module of the generator. The generator consists of an eighteen-pole permanent magnet. The stator and the rotor cores are made of pre-cut transformer lamination silicon steel (gauge 26, M19). The stator and rotor cores can be made on a per pole basis, reducing the cost of complete dies required to stamp a conventional lamination configuration. The geometry of the stator and the rotor core could have been optimized, however, this project focuses on the proof of concept.
A. Rotor
The cross section of the stator and rotor pole is illustrated in Figure 1 . Each pole is constructed from two identical corestacks and the permanent magnet is sandwiched in between. The rotor is constructed to allow an expansion in the axial direction, for example, to increase the magnet surface. The flux directions at the top (outer radius) and the bottom (inner radius) of the rotor pole are the opposite. Around the perimeter of the rotor, the flux direction of one pole is opposite of the flux direction in next pole, as shown by the white mows in Figure 2 . The iratio of the magnetic surface area to the pole surface area determines the focusing factor. The chosen geometry enables the designer to increase the length of the rotor core without affecting the stator geometry and vice versa.
The rotor poles are attached to a non-magnetic disk that holds the rotor cores. The shaft is attached to the disk to rotate the rotor core. A non-magnetic stainless steel belt is strapped around the rotor core to keep the rotor poles in place. Since the rotor speed is low, centrifugal force created when the rotor rotates is not veiy high. There are nine pole pairs on the rotor. Between two rotor poles, there is a small gap to minimize interpolar magnetic leakage.
B. Stator
The stator consists of two stator sides. There are nine poles attached to each stator side. 'fie poles on each side are attached to a plate (not shown In Figure 2 ) which holds the 
C. Stator winding
The stator winding is wound like a torus or a washer. With a toroidal form, the stator winding can be easily assembled and automated for production. The stator winding between the stator poles is exposed to open air, which improves cooling.
One advantage of wind power systems is the location of the generator. It is mounted on a tower above the ground. The cooling mechanism is better up on the nacelle than inside a ground level building because the generator is always exposed to air flow that is proporciond to the generator load. During low wind speeds, the heat transfer from the winding is lower, however, the heat generated in the winding is lower, too. The opposite is true at high wind; more heat is generated in the winding, but more air flow is available to transfer the heat away.
In this paper, one module unit is built for a single phase
The power from the stator can be actively controlled using generator. The stator windings at the two sides are connected in parallel to generate a single phase output. The rotor shaft is attached to the stator sides through the bearings, which are attached to the stator plate. The rotor core has a width of 6.35 cm (2.5 in.) and a diameter of 29.2 cm (1 1.5 in.). The overall width of the generator is 16.5 cm (6.5 in.), excluding the two stator plates.
D. Expansion for multimodule generation system
power switches (IGBTs) or passively controlled using a diode rectifier. Figure 3 shows a possible configuration of the power converter to process the power generated by the generator. The generator may consist of one or more modules. In this configuration, only three unit modules are shown. Each unit module of the generator is paired With one leg module of power switches on the power converter side. Thus the power converter and the generator can be expanded in a similar fashion. The power generated is converted back to the utility via a three-phase inverter, which can be controlled to produce good power quality.
III. DESIGN ANALYSIS
The analysis of the generator is based on the wind turbine requirements. The steady state analysis was performed as the first step to get the frrst cut of design criteria. The finite element analysis was performed to refine the magnetic analysis. Finally, a dynamic analysis was performed in the lab to validate generator performance under dynamic conditions.
A. Steady state analysis
The prime mover for this generator is a wind turbine. One characteristic of wind turbines is that the rotational speed is lower than most prime movers. To avoid using a gearbox, the generator is direct driven. Multiple poles must be used to allow slow speed operation.
From steady state analysis, the following criteria are chosen: Number of poles = 18 Max operating frequency = 100 Hz (at 667 rpm) Number of phases per unit module = 1 (two windings in parallel)
The electric loading:
Stator current = 11.0 Amp RMS (at per phase voltage 58 Volt
The wire chosen is AWG 12
The current density in the slot J = 3 . 4~1 0~ Amp/m2 Predicted copper losses at rated current = 42 watts
RMS)

B. Finite element analysis
To analyze the magnetic circuit, the finite element method was used to compute the flux density in the generator components. The main purpose of this analysis is to get the overall picture of the saturation levels in different parts of the generator, the iron losses in the components of the generators, and the worst case of demagnetization on the permanent magnet. In the finite element analysis presented here, the generator uses a ferrite permanent magnet.
No-load condition. In the no-load condition, the magnetic Stator Figure 4 . Flux density at no-load condition path is analyzed to see the magnetic flux density in different parts of the magnetic paths. With the stator core in each side shifted by 180" the maximum flux in the core happens when the stator core and the rotor core are aligned. Figure 4 shows the flux lines at the no-load condition. Only one side of the stator core is shown. Some flux leakage is shown such as at both ends of the rotor poles. The rotor core has low flux density with the highest flux density at the parts closest to the air gap. As shown in Figure 4 , the maximum flux density element analysis, the permanent magnet used is ferrite, however, in this experiment the permanent magnet chosen is rare earth permanent magnet (NdFeB). Inductive load at rated curreIn this condition, the magnetic path is analyzed to see: flux reduction at the air gap at the least favorable power factor. The generator is loaded to have rated current. Short-circuit condition. In this condition, the magnetic path is analyzed to see the demagnetization effects on the permanent magnet. In order to analyze the worst case scenario, the stator core and ithe rotor core are perfectly aligned and the short circuit current is applied to the stator core. In this case the short circuit current is about ten times the rated current. The result is taibulated in Table 1 . 
A. Experimental set up
The experiment was conducted to observe the performance of the generator. The generator is driven by a motor via a belt. The motor is a four pole motor, with rated speed of 1800 rpm. The motor is fed by a PWM variable frequency drive. The generator speed is driven to 667 RPM. The output frequency at this rpm is 100 Hz. The experiment is conducted only on a single unit generator. In the finite 
C. Parameter Determination Test
A simple modified test is used to get the parameters of the permanent magnet [6] . The experiment is shown in Figure 8 . The parameters can be computed from the test data, and the results are listed in Table 2 below. The proposed generator is investigated for application in wind power generation. In the first stage of implementation, a proof of concept of the generator is investigated. The magnetic and electric loading are shown to be within the limits of common practice of machine design. The generator has the following advantages for wind turbine generation: is minimized. The design can be readily changed, such as the number of poles in one unit or the number of unit modules in a generator system.
-The axial flux design makes it easier to increase the flux density in the air gap.
-The toroidal form of the stator winding makes it easy to fabricate. The geometry of the stator winding and stator core make the heat dissipation more effective.
-To scale up the output power of the generator, more units can be stacked in the axial directions. The power converter required to process the power is readily compatible with the generator. Each unit module of the generator is matched with each leg of the power switches.
VI. ACKNO WUDMENTS
